Abstract: Optical beam steering is fundamental and important in optics and photonics. In this study, we report a nearly total negative angle refraction over a wide angle range when an optical beam passes through an all-silicon particle chain. This phenomenon is concluded as the product of an interference effect of the double modes excited in the chain, which has potential applications for on-chip beam manipulation, routing, and filtering for its simplicity and low loss nature.
Introduction
Optical beam steering is of fundamental importance for its use in numerous optics and photonics applications. While studies of band gap-based dielectric elements [1] - [3] and metallic counterparts [4] , [5] have attracted much attention, there has also been recent studies extending beam manipulation to particle chains composed of high index dielectrics [6] - [9] . For instance, left-handed negative refraction behavior [10] and strong directional scattering of light [11] could be achieved utilizing Mie resonances in high-index dielectric nanoparticles. Reflector with near or far field focusing capabilities can be obtained by controlling the phase front with particle array [12] , [13] . Owing to the collective resonant effect, a rod chain also offers an alternative method to transfer light energy [14] .
Recently, several methods have been suggested to achieve an outgoing beam in the negative direction, which implies that the outgoing beam lies on the same side of the normal [5] , [15] - [19] . One interesting method is to use a thin dielectric particle line comprising of high index circular rods operating at the resonant mode [20] . By fabricating the arrayed nanorods as an upright interface on chip, an in-plane negative angle refraction was realized [18] . However, the refraction efficiency is theoretically limited to about 80% due to the existence of −1st order optical reflection [20] .
In this study, we report nearly total negative refraction over a wide angle range when an optical beam passes through a chain comprising of all-silicon rectangular particles. Our simulation shows a refraction efficiency of ∼98%, which is higher in comparison with that reported in [20] and other planar meta-optics designs [6] . The geometrical parameters of our structure were selected using a genetic algorithm. Then, we investigated the underlying physics via a modal analysis method. The negative angle refractive behavior is attributed to the interference effect of two dominant modes excited in the chain. The compact and complementary metal-oxide semiconductor (CMOS) compatible design and intrinsic low absorption loss feature of this dielectric system offer new opportunities for manipulating light at the sub-wavelength scale.
Design and Results
For simplicity, we consider a two-dimensional (2D) case and transverse magnetic waves in which the particle and the H field are uniform in the y-direction. With regard to CMOS fabrication process, we use a silicon particle in a rectangular cross section as a unit for the high permittivity dielectric. The schematic of our structure is shown in Fig. 1(a) . The particles are surrounded by air (n ai r = 1) and are periodically arrayed in the x-direction with a pitch p. The geometric size of the particles is defined by the thickness t and the width w. In the optical frequency region under observation, the real part of the permittivity is 12.0 and the imaginary part is negligible.
From the perspective of a diffraction theory, a plane wave with an incident angle θ passing through the chain would be decomposed into a series of diffraction orders [21] . Optical beam steering such as anomalous reflection [22] and negative angle refraction [20] , can thus be achieved by manipulating the diffracted energy efficiencies in different orders. As an example, we assumed that diffracted order T −1 and the incident wave lie on the same side of the normal as shown in Fig. 1(a) . Accordingly, a totally negative angle refraction behavior (T −1 ) can be achieved once the diffraction orders (R 0 , R −1 , T 0 ) in the other directions are deeply depressed. Here we referred to the nth diffracted waves in the reflection (transmission) side as R n (T n ). The wavenumber in the x-direction of each order is determined from the Floquet condition and is given by k xn = k i (sinθ − nλ/p ), where λ is the incident wavelength and k i = 2π/λ. The wavenumber in the z-direction of each order is then given by k zn = (k
It is worthy to note that the real (imaginary) value of k zn corresponds to the propagating (evanescent) diffracted waves. Therefore, to allow the existence of a propagating wave in the negative angle direction, the pitch of the chain should be at least half of the incident wavelength. On the other hand, an overlarge pitch would result in multiple propagating diffraction orders, thus making it difficult to depress diffracted energy efficiencies in other directions simultaneously [23] .
To investigate the design for high refraction efficiency, an advanced search algorithm-genetic algorithm (GA) [24] and fast electromagnetic (EM) calculation method-rigorous coupled wave analysis (RCWA) [25] method were combined to optimize the geometric size toward high efficiency negative refraction with a wide incident angle range. RCWA is a semi-analytical method that is typically applied to solve scattering from periodic structures. In the calculation the device is divided into layers along z direction and the structures and fields in each layer are expanded into a sum of spatial harmonics on the basis of Floquet's theorem. Then the overall problem is solved by matching boundary conditions at each of the interfaces. In the optimization process of GA, each geometric parameter is binary coded, and the codes are then concatenated to form a binary string, which is referred to as a chromosome. Each chromosome represents a possible design of structure whose behavior is then simulated using the RCWA method, and its figure of merit (FOM) (or fitness), a quantitative description of how closely the design approaches the desired performance, is calculated. The GA evolves toward a design with maximum or minimum FOM. Different FOM functions give preference to different aspects of performance, thus resulting in different structure designs.
The optimization resulted in a design of p = 1.26 μm, t = 0.7 μm, and w = 0.26 μm. Based on these parameters, we subsequently simulated the negative refraction of a 2D Gaussian beam. Figure 1(b) shows the Hy field distribution when the beam strikes the array at an incident angle of 40
• . The optical beam was sharply and almost completely refracted. Note that, in this simulation, the Gaussian beam with a beam waist of w 0 = 2λ (λ = 1.55 μm) was expanded into a series of plane waves using an angular spectrum representation [26] as follows:
where k i and r are the wave vector and the position vector, respectively. k x is the transverse component of the wave vector k i in the x-direction. H 0 is the normalized amplitude. Then, each component of plane wave incident on the particles was calculated using the RCWA method. Calculations of the transmissivity and the reflectivity for the other orders versus the incident angle and the wavelength were performed based on the diffraction theory. The transmissivity (reflectivity) at different orders as a function of the incident angle is shown in Fig. 2(a) . This figure shows that the −1st order beam (T −1 ) in the refraction direction will be the dominant transmitted beam for a wide range of incident angles ranging from 20
• to 60
• , providing an considerable angular flexibility for beam steering. Figure 2(b) shows the reflectivity and transmissivity versus the wavelength with an incident angle of θ = 40
• . High transmissivity in the negative angle direction (T −1 ) can be achieved at a broadband from 1500 nm to 1600 nm, where a nearly total transmission (∼98%) occurs at the wavelength of 1550 nm.
Modal Analysis and Discussion
To explore the underlying physics of the negative refraction behavior, we applied a modal analysis method to the structure. The modes of the particle chain are described by the Bloch wave dispersion relation at a given frequency, which can be calculated locally using the following transfer matrix formalism [27] : 
where β m is the wave vector along z direction. The modes with the real wave vector values β 2 m correspond to propagating modes along z direction, while the imaginary values correspond to evanescent modes. On the basis of the dispersion relationship, the mode property and the contribution to the diffraction orders of each mode can be obtained [28] . Figure 3(a) shows the real part of the propagation constants of the first three modes in the chain at a wavelength of 1550 nm. Note that only two propagating modes exist in the structure for an incident angle ranging from 20
• . Moreover, when only the first two modes are considered, the transmission efficiency in the negative angle direction of the modal method coincide well with the RCWA result, as shown in Fig. 3(b) . This indicates that these two modes are sufficient to describe the transmission properties. Therefore, we concluded that they are the two dominant modes in charge of transferring energy from the incident side to the transmission side.
Further, we investigated the effect of the mode property on the occurrence of negative angle refraction [28] . We present the real part of mode field distribution of H y inside the particles in Fig. 4(a) and 4(b) , which are the longitudinal (L) and transverse (T) modes, respectively, with electric dipole moments oriented parallel or perpendicular to the chain axis [29] , [30] . To be unique, the L mode field in the chain exhibits symmetric about the z-axis or the normal, while the T mode shows asymmetric about the z-axis. When the light wave strikes the particles array, each mode with a phase difference between the adjacent particles leads to two diffracted beams, as shown in Fig. 4(c) and 4(d) . The diffracted waves resulting from these two modes are in phase in the negative angle direction and out of phase in the transmission direction. Consequently, the beams on the 0th order transmission side (T 0 ) cancel each other while interfering constructively on the negative refractive side (T −1 ), thus leading to negative angle refraction. We note that since the structure is subwavelength (λ > p), when the structure was excited for normal incidence, only the 0th order reflection (R 0 ) and transmission (T 0 ) waves exist, as indicated in Fig. 2(a) . It is also worth mentioning that the third mode is evanescent along z direction and the intensity is much weaker than the first two modes. As a result, the diffracted waves coupled from the third mode are very weak and has merely no effect on the efficiency.
Conclusion
In conclusion, we presented a nearly total negative refraction in a wide angle range when a beam passes through an all-silicon particle chain. We optimized the geometrical parameters of the structure with genetic algorithm and investigated the underlying physics via the modal method. This anonymous phenomenon can be described as an interference effect of two dominant modes exited in the high index particle chain, providing remarkable enhancement in the negative refraction direction. As large-scale photonics integration is currently suffering from the large footprint of optical components, this work may offer a high efficiency solution for compact beam bending, routing, and thus to scaling the occupancy of the optical circuit.
